The reactions of dimethyl-and diphenylgermylene (GeMe 2 and GePh 2 , respectively) with cyclohexene oxide (CHO) and propylene sulfide (PrS) have been studied in hydrocarbon solvents at 25°C by laser flash and steady-state photolysis methods using appropriately substituted germacyclopent-3-ene derivatives as germylene precursors. GeMe 2 reacts with CHO and PrS with rate constants in the range of 1.2-1.7 × 10 10 M −1 s −1 in hexanes at 25°C to form new transient products that are assigned to the corresponding Lewis acid-base complexes of the germylene with the substrates. The complexation reactions were found to be reversible and are characterized by equilibrium constants of K C = (3.7 ± 0.8) × 10 3 M −1 and (3 ± 1) × 10 4 M −1 for complexation of GeMe 2 with CHO and PrS, respectively. The complexes decay over approximately 10 s with the concomitant formation of tetramethyldigermene (Ge 2 Me 4 ), identifiable by its characteristic UV-vis spectrum centered at max = 370 nm. Diphenylgermylene behaves analogously, reacting rapidly and reversibly with the two substrates to form the corresponding Lewis acid-base complexes ( max ≈ 355 nm) that decay over several tens of microseconds with the concomitant growth of the characteristic UV-vis spectrum of tetraphenyldigermene (Ge 2 Ph 4 ) ( max = 440 nm). Steady-state photolysis of the germylene precursors in the presence of CHO afforded germanium-containing oligomers but showed no evidence of oxygen abstraction or the formation of substratederived product(s). Similar photolyses in the presence of PrS also afforded germanium-containing oligomers, but as well yielded propene in 20%-30% yield and (in the case of the GePh 2 precursor) minor amounts of low molecular weight compounds that appear to be derived from the corresponding germanethione. Density functional theory calculations of the chalcogen abstraction reactions of GeMe 2 with oxirane and thiirane in the gas phase have been carried out at the B3LYP/6-311+G(d,p) level of theory and are in good qualitative agreement with the experimental data.
Introduction
Chalcogen abstraction reactions by silylenes and germylenes are amongst the most commonly used methods for the synthesis of compounds possessing tetrel-chalcogen double bonds. For example, stable silacarbonyl compounds have been synthesized by reactions of silylenes with N 2 O, 1-6 CO 2 , 1 O 2 1,7 and H 2 O·B(C 6 F 5 ) 3 , 8 whilst the first two stable germanones to be reported were prepared by reaction of sterically protected germylenes with trialkylamine N-oxides. 9, 10 Stable silane-and germanethiones have also been prepared by abstraction reactions involving sterically encumbered or donor-stabilized tetrylenes, for example with phenyl isothiocyanate or styrene episulfide 11 as sulfur donors; 12 the desulfurization of sila-and germatetrathiolanes is another commonly used method for the preparation of stable M=S bondcontaining compounds. [13] [14] [15] Silanones are suspected intermediates in the reactions of transient silylenes with substrates such as N 2 O, [16] [17] [18] [19] [20] [21] CO 2 , 22 aryl nitrile oxides, 23 aryl-and alkylisocyanates, 11 dialkylsulfoxides, [24] [25] [26] and oxiranes; [27] [28] [29] [30] [31] formal oxygen abstraction from oxiranes has also been found to proceed with transient germylenes in the presence of amines. [32] [33] [34] [35] [36] The only tetrylene-derived method for the formation of transient silane-and germanethiones that has been reported is sulfur abstraction from thiiranes. 31, [34] [35] [36] [37] With transient derivatives, the usual fate of the initially formed M=X-containing species is trimerization or (when prepared by abstraction from oxiranes or thiiranes) insertion into a second molecule of the substrate to form five-membered heterocycles.
Kinetic studies of the reactions of transient silylenes with oxiranes have been carried out in the gas phase 38 and in solution 31 and are supported by numerous theoretical studies. 31, [39] [40] [41] The formation of silanethiones via sulfur abstraction from thiiranes has also been addressed computationally. 31, 39, 41 The reaction proceeds via the initial formation of the corresponding silyleneoxirane complex, of which several have been detected and characterized in solution. 31 This first stage of the reaction takes place with rate constants approaching the collisional limit in the gas phase for SiH 2 + oxirane 42 and at close to the diffusional rate for the reactions of SiMe 2 and SiPh 2 with propylene and cyclohexene oxide (PrO and CHO, respectively) in hexanes solution at 25°C (i.e., k ≈ (1-2) × 10 10 M −1 s −1 ). 31 The complexes, which exhibit UV-vis spectra typical of silylene-O-donor Lewis acid-base complexes, [43] [44] [45] are stabilized strongly enough relative to the free silylenes that they are formed as discrete, nonequilibrating intermediates in solution where they decay with clean first-order kinetics and rate constants in the (3-4.5) × 10 6 s −1 range at 25°C. 31 The dominant mode of decay is presumably via reaction to yield the corresponding silanone and alkene, which density functional theory (DFT) calculations suggest occurs via a stepwise mechanism involving a (singlet) 1,4-biradical intermediate. 31, 41 The variations in the decay rate constants of the four silyleneoxirane complexes with substituent are not particularly large, but they are nevertheless consistent with the stepwise mechanism (eq. 1).
(1)
Sulfur abstraction from thiiranes has also been shown to proceed via the initial, diffusion-controlled formation of the corresponding silylene-thiirane Lewis acid-base complex. 31 The complexes of SiMe 2 and SiPh 2 with propylene sulfide (PrS) are significantly shorter lived than the corresponding complexes with PrO. Calculations for SiH 2 and SiMe 2 reproduce the higher reactivity of the thiirane system compared to the oxirane and predict that the complexes proceed to propene and the corresponding silanethione directly via a concerted two-bond cleavage mechanism. 31, [39] [40] [41] The SiPh 2 -PrS complex decays with a rate constant of approximately 2 × 10 7 s −1 (hexanes, 25°C) to yield a new transient product that exhibits max = 275 nm and has been assigned to diphenylsilanethione (Ph 2 Si=S) based on its reactivity toward MeOH, t BuOH, AcOH, and nBuNH 2 . 31 Transient silanones and silanethiones generated by oxygen/sulfur abstraction from oxiranes and thiiranes by silylenes have been trapped by 1,1,3,3,5,5-hexamethylcyclotrisiloxane (D 3 ; eq. 2). 28, 29, 31 (2) or MeOH, 31 the products of which are formed along with the corresponding alkenes in yields of 50%-70% relative to consumed silylene precursor. Transient silanones have also been shown to react with dienes 27 and oxiranes 30 to form stable products.
In this paper, the results of a laser flash photolysis study of the reactions of dimethyl-and diphenylgermylene (GeMe 2 and GePh 2 , respectively) with CHO and PrS in hexanes solution are presented. The goals of the study were to compare the kinetic and spectroscopic behaviors of GeMe 2 and GePh 2 in the presence of these substrates to those of the corresponding silylenes to see whether any indication of reaction could be obtained, and if so, to determine the course of reaction and obtain kinetic and (or) thermodynamic details relating to the mechanism(s). The laser photolysis studies are supplemented with product studies of the reactions of the two species with CHO and PrS in cyclohexane-d 12 solution. We also carried out DFT calculations of the reactions of GeMe 2 with oxirane and thiirane and compare the results to the experimental data for GeMe 2 and to earlier DFT calculations on the analogous reactions of the silicon homolog (SiMe 2 ). 31 
Results
The two transient germylenes were generated by laser photolysis of rapidly flowed, deoxygenated hexanes solutions of the germacyclopent-3-enes 1a, 1b, and 2, respectively, using a KrF excimer laser (248 nm, 90-105 mJ, approximately 25 ns) for excitation and time-resolved UV-vis spectroscopy to monitor the germylenes and their reaction products. Laser photolysis of these compounds leads to the prompt formation of readily detectable transient absorptions centered at max = 470 nm 46, 47 for GeMe 2 and max = 300 and 500 nm 48 in the case of GePh 2 , which decay on the microsecond timescale with second-order kinetics to yield the corresponding digermenes Ge 2 Me 4 (Me 2 Ge = GeMe 2 , max = 370 nm) [46] [47] [48] and Ge 2 Ph 4 (Ph 2 Ge = GePh 2 ; max = 440 nm), 48 respectively. As reported previously, 46 the GeMe 2 precursors 1a and 1b afford very similar time-resolved spectroscopic behavior, the only real difference being that 1a gives rise to somewhat stronger transient absorptions than 1b (all else being equal) owing to a larger quantum yield for reaction. In the experiments with the GePh 2 precursor (2), the rate coefficients for decay of the germylene were determined using absorbance-time data recorded at 500 nm, corrected for the underlying contribution of the digermene absorption at this wavelength following the protocol established in earlier work. 48, 49 In the presence of submillimolar concentrations of CHO or PrS, transient decays recorded for GeMe 2 were bimodal, consisting of a rapid initial decay component and a slowly decaying residual absorbance. The initial decay became more rapid and the intensity of the residual absorbance was reduced as the substrate concentration was increased (Fig. 1) , behavior that is consistent with a reversible reaction characterized by an equilibrium constant in the approximate range of 1 × 10 3 M −1 < K C < 3 × 10 4 M −1 . 45, 50 The fast initial decay is the (pseudo-first-order) approach to equilibrium; the kinetics are described (approximately) by eqs. 3 and 4:
⌬A t ϭ ⌬A res ϩ (⌬A 0 Ϫ ⌬A res ) exp(Ϫk decay t)
where ⌬A 0 , ⌬A t , and ⌬A res are the values of the germylene transient absorbance immediately after the laser pulse, at time t after the pulse, and at the end of the initial decay, respectively, k decay is the pseudo-first-order rate coefficient for decay of the germylene, and k C and k −C are the forward and reverse rate constants for reaction with the substrate (Q). The slow decay of the residual absorption is due to dimerization of the germylene, in equilibrium with the product of the reversible germylene-substrate reaction. Its detection allows for the equilibrium constant (K C = k C /k −C ) to be determined from analysis of the data according to eq. 5:
where (⌬A 0 ) 0 is the ⌬A 0 value due to the germylene in the absence of substrate and (⌬A res ) Q is the value of ⌬A res in the presence of a given concentration of substrate Q; the latter was typically estimated by visual inspection of the decay profile (as the breakpoint in the bimodal decay). The forward rate constants were estimated from plots of k decay versus [CHO] or [PrS] , which displayed good linearity in both cases (see were also linear in both cases (see Fig. 2b ), and regression analysis afforded equilibrium constants of K C = (3 ± 1) × 10 4 M −1 and K C = (3.7 ± 0.8) × 10 3 M −1 , respectively. As will be shown below, the products of these reversible reactions are the corresponding germylene-substrate Lewis acid-base complexes. Bimodal decay kinetics were also observed of the (corrected) germylene absorbance-time profiles obtained from solutions of 2 in hexanes containing submillimolar concentrations of CHO, which is again consistent with reversible reaction between the germylene and the substrate. Transient absorption spectra were recorded with solutions of 1a and 2 in hexanes containing either PrS (approximately 5 mmol L −1 ) or CHO (10-50 mmol L −1 ). New promptly formed transient absorptions were observed in all four cases, which were centered in the 270-310 nm range for the GeMe 2 -derived species (see Fig. 3 ) and at max ≈ 355 nm for the GePh 2 -derived ones (Fig. S2 ). The absorptions decay over several tens of microseconds with second-order decay kinetics with the concomitant growth of longer-wavelength absorption bands due to the corresponding digermenes (Ge 2 Me 4 and Ge 2 Ph 4 ). The spectra and kinetic behavior are quite similar to those reported previously for the Lewis acid-base complexes of the two germylenes with tetrahydrofuran (THF) and tetrahydrothiophene (THT) under similar experimental conditions 45, 51 and are thus assigned to the corresponding Lewis acid-base complexes with CHO and PrS. In addition to the signals due to the GePh 2 -CHO complex and Ge 2 Ph 4 , another even longerlived product ( max ≤ 280 nm) was also detected, its growth kinetics indicating that it is most likely associated with a higher GePh 2 oligomer. A long-lived transient with similar characteristics was also evident in the transient spectra from a solution of 2 in hexanes containing 5 mmol L −1 PrS, although the signal was less intense (Fig. S2) .
Time-resolved UV-vis spectra were also recorded with hexanes solutions of 1a and 2 containing approximately 5 mmol L −1 diethyl sulfide (Et 2 S) for comparison to the spectra of the complexes of the two germylenes with thiirane and THT 45 and to see whether similar long-lived product absorptions are obtained in the presence of the acyclic dialkyl sulfide as with the cyclic ones. The addition of submillimolar concentrations of Et 2 S to the solutions caused the germylene absorptions to decay completely to prepulse levels with clean first-order decay kinetics; complexation , and S3c) show absorptions centered at max = 300 and 345 nm, respectively, which are assigned to the corresponding complexes. The data for the GePh 2 -Et 2 S system reveal a long-lived absorption below 300 nm that grows in on a similar timescale as the decay of the digermene, analogous to the behavior observed for the GePh 2 -PrS system. Table 1 lists the rate and (or) equilibrium constants determined in this work for the complexation of GeMe 2 and GePh 2 with CHO, PrS, and Et 2 S in hexanes at 25°C and the UV-vis absorption maxima of the corresponding complexes. The table also contains the corresponding kinetic and spectroscopic data for complexation of the two germylenes with Et 2 O, THF, and THT under similar conditions to emphasize the similarities between the behaviors of the two species with CHO and PrS and with the larger ring cyclic ether and sulfide.
Product studies
Initial steady-state photolysis experiments were carried out on deoxygenated 0.05 mol L −1 solutions of 1b in cyclohexane-d 12 containing CHO or PrS (approximately 0.2 mol L −1 ) and Si 2 Me 6 (0.01 mol L −1 ) as internal integration standard, monitoring the course of 254 nm photolysis by 1 H NMR spectroscopy (Figs. S4 and S6). Both product mixtures appeared to be quite complicated, the spectra showing complex collections of signals in the ␦ 0.3-0.6 range of the spectrum that are indicative of the formation of several germanium-containing products, in addition to the characteristic resonances due to diene 3. Cyclohexene was not formed in detectable amounts in the photolysis with CHO (eq. 6), but propene (4) could be conclusively identified in the PrS-containing photolysate (eq. 7):
Concentration versus time plots constructed for 3 and the two substrates (Figs. S5 and S7) indicate the rates of substrate consumption to be similar to (in the case of CHO) or higher than (in Fig. 2a) and 5 (Fig. 2b) . Absorbance-time profiles were recorded at 470 nm using 1a as the precursor for experiments with CHO and 1b for those with PrS. the case of PrS) the rate of diene formation. The NMR spectra of the photolysed mixtures, the CHO photolysate in particular, also showed broad baseline absorptions, consistent with polymer formation. Compound 1b could not be quantified in these experiments because of spectral overlap between its NMR resonances and those due to photoproducts, and thus, product yields relative to consumed germylene precursor could not be determined. Nevertheless, propene (4) was formed at roughly one third of the rate of diene 3 in the photolysis with PrS as substrate over the photolysis period monitored.
The reaction with PrS was repeated using 1a as GeMe 2 precursor, as this compound's vinylic hydrogen provides a wellseparated signal in the NMR spectrum to allow quantitation throughout the photolysis. A spiking experiment in which a small quantity of an authentic sample of the anticipated oligomerization product of dimethylgermanethione, cyclic trimer 6, [34] [35] [36] showed that this compound was not present in the photolysis mixture after 15 min of irradiation (Fig. S10) . GC/MS analysis of the photolysate verified the presence of 5 as the major photoproduct and also showed at least eight additional products formed in minor amounts. The mass spectra (Fig. S11) indicated that seven of these contained at least two germanium atoms, while the remaining one contained none. The seven germanium-containing compounds share the same fragment with m/z = 119, which is consistent with a GeMe 3 + unit. Unfortunately, none of these compounds could be identified conclusively.
Similar results were obtained in steady-state photolysis experiments carried out with cyclohexane-d 12 solutions of 2 (approximately 0.06 mol L −1 ) in the presence of CHO (0.085 mol L −1 ) or PrS (0.08 mol L −1 ); these experiments were carried out in parallel with a third one in which a 0.05 mol L −1 solution of 2 in cyclohexane-d 12 was irradiated in the absence of an added substrate. All three photolyses produced 2,3-dimethyl-1,3-butadiene (7) as the major identifiable product, along with (presumably oligomeric) materials giving rise to broad, ill-defined resonances in the ␦ 6.7-7.7 and 0.5-2.5 regions of the spectrum (Figs. S12 and S14). No consumption of CHO was evident in the experiment with that substrate after approximately 17% of conversion of 2 (Fig. S13) , and no cyclohexene was formed in detectable amounts (Fig. S12) . On the other hand, photolysis of 2 in the presence of PrS resulted in the formation of 7 and 4 in approximate yields of 80% and 32%, respectively, relative to consumed 2 (eq. 9; Fig. S15 ):
The rates of consumption of PrS and 2 were approximately equal. Removal of the volatile components of the PrS-photolysate and redissolution of the residue in C 6 D 12 resulted in an NMR spectrum that showed four weak but well-defined multiplets in the ␦ 7.5-7.9 region of the spectrum, superimposed on broad baseline absorptions due (presumably) to oligomeric materials. GC/MS analysis of the mixture indicated the presence of three new compounds in minor amounts, the mass spectra of which are consistent with 1:1 adducts of GePh 2 and PrS (e.g., 8), Ph 2 Ge=S and DMB (e.g., 9), and Ph 2 Ge=S and PrS (e.g., 10). Products of this type all have precedence from early studies of the reactions of so-called "germylene-amine complexes" with thiiranes under thermolytic conditions. [34] [35] [36] Computational studies Thermochemical parameters for the formation of the complexes of GeMe 2 with oxirane and thiirane and of the first step in the transfer of the chalcogen atom to germanium were modeled using DFT employing the B3LYP hybrid exchange-correlation functional 52, 53 in conjunction with the 6-311+G(d,p) basis set. This is the same level of theory as was used in our earlier study of the reactions of SiMe 2 with these substrates to allow direct comparisons. 31 Starting structures for geometry optimization of the complexes and the transition states for their decomposition were constructed from the homologous structures from our earlier study, applying reasonable adjustments to bond distances and angles involving the heavy group 14 element to account for the substitution of silicon with germanium. 45 The transition states were optimized using the unrestricted procedure with HOMO-LUMO mixing in the initial guess leading to unrestricted wave functions and were confirmed to be first-order saddle points on the basis of their vibrational frequencies. Intrinsic reaction coordinate calculations starting at the saddle points were carried out in the reverse direction to verify the connection with the complexes and in the forward direction to establish starting structures for the final geometry optimizations of the primary decomposition products. The intrinsic reaction coordinate calculations were also carried out using the unrestricted procedure with HOMO-LUMO mixing, as were the final geometry optimizations and frequency calculations for the biradical intermediate found in the GeMe 2 plus oxirane reaction system (vide infra). The reported thermodynamic data (vide infra) were computed at 298.15 K from unscaled vibrational frequencies. Figure 4 shows the calculated (B3LYP/6-311+G(d,p)) structures of the Lewis acid-base complexes of GeMe 2 with oxirane and thiirane (C X , X = O or S), the transition states for C-X bond cleavage in the complexes (TS X ), and the primary products of the reactions: the Me 2 GeOCH 2 CH 2 biradical from the GeMe 2 -oxirane complex (BR O ) and ethylene and dimethylgermanethione from the GeMe 2 -thiirane complex. The two reaction systems both behave analogously to the corresponding SiH 2 and SiMe 2 systems. 31, 41 Only the anticonformer of each of the complexes was located; relaxed scans in which the C3-Ge-X-C2 dihedral angle was driven in 10°steps confirmed the anti-conformer to be the only minimum-energy conformer at this level of theory in both cases. Table 2 lists the B3LYP/6-311+G(d,p) electronic energies, standard enthalpies, and free energies of the various species investigated relative to those of the isolated germylene and substrate. The two most likely decomposition products of the Me 2 GeOCH 2 CH 2 biradical (Me 2 Ge=O plus C 2 H 4 and 1,1-dimethylgerma-2-oxetane) were also modeled, but the more complex task of locating transition states for the formation of these products from the biradical was not attempted. Figure 5a summarizes the results of the B3LYP/6-311+G(d,p) calculations for the GeMe 2 -oxirane and GeMe 2 -thiirane systems as free energy reaction coordinate diagrams. Included for comparison is the analogous set of diagrams for the corresponding SiMe 2 -oxirane and SiMe 2 -thiirane systems at the same level of theory, from our earlier study. 31 
Discussion
The present work represents the first experimental study to be reported of the reactivity of simple, transient dialkyl-and diarylgermylenes with oxiranes and thiiranes under neutral ambient conditions, conditions under which the corresponding silylene derivatives react rapidly via formal oxygen or sulfur abstraction to afford the corresponding alkene and silanone [27] [28] [29] [30] [31] 38 or silanethione, 31 respectively, in good chemical yields. The only related existing studies of the reactivity of Ge(II) systems with substrates of this type are those of Satgé and co-workers, who examined the reactions of a series of amine-coordinated germylenoids with oxiranes and thiirane. [32] [33] [34] [35] Their experiments with these compounds, the crystalline products of reaction of Et 2 GeHCl, PhMeGeHCl, and Ph 2 GeHCl with pyridine/triethylamine in pentane (and formulated as the corresponding germylene-triethylamine 311+G(d,p) ) structures and selected bond distances (in Å) and angles (in degrees) of the GeMe 2 -oxirane and GeMe 2 -thiirane complexes ("C X "), the transition states for C-X bond cleavage ("TS X "), and the first-formed products of the reaction; "␤" denotes the C3-Ge-X-C2 dihedral angle (X = O or S). The methyl hydrogens have been omitted from the structures for clarity. complexes 11 (eq. 10)) 54 involved thermolysing the materials with 2-3 equiv. of substrate in sealed tubes at 130-150°C: (10) This typically afforded mixtures of the corresponding (R 2 Ge=X) trimer (12) and the (2+3)-cycloadduct of R 2 Ge=X with a second molecule of substrate (13; eq. 10). [32] [33] [34] [35] The formation of R 2 Ge=X was proposed to occur via elimination of ethylene from a germoxetane or thietane intermediate derived from insertion of GeR 2 into a C-X bond of the substrate:
The high temperatures required for these reactions are undoubtedly needed, at least in part, because of the presence of the amine, which binds to the free germylene many orders of magnitude more strongly than oxygen or sulfur donors 45 and (presumably) must be disengaged from the Ge(II) species in order for reaction to occur. As well, the barrier(s) to reaction of the free germylenes are significantly higher than in the silicon systems, 21, 55, 56 which may also contribute to the need for rather severe conditions to effect reaction.
The results of our experiments indicate that at room temperature in hydrocarbon solvents, neither GeMe 2 nor GePh 2 abstracts oxygen from the representative oxirane derivative CHO with an overall rate constant large enough to compete with the germylene oligomerization processes that occur in the absence of reactive substrates. [45] [46] [47] [48] 50 The laser photolysis experiments provide clear evidence of a rapid, nearly diffusion-controlled reaction between the two germylenes and the substrate to afford the corresponding Lewis acid-base complexes, which appear to be virtually inert to further (unimolecular) reaction; they exist in equilibrium with the free germylenes and the substrate and appear to play no role in the chemistry other than mediating germylene dimerization and the formation of higher oligomers. The complexes exhibit nearly identical UV-vis spectra and kinetic behavior to those of the complexes of GeMe 2 and GePh 2 with less potentially reactive oxygen donors such as THF and Et 2 O (see Table 1 ). 45, 50, 57 The equilibrium constants for complexation of GeMe 2 and GePh 2 with CHO are similar to or slightly smaller than those with THF in each case (and much larger than those with Et 2 O) and indicate binding free energies of ⌬G ≈ -3.0 and -4.1 kcal mol −1 , respectively (Table 1) , where the standard state has been converted to the gas phase at 1 atm and 298.15 K. The larger K C value exhibited by GePh 2 compared to GeMe 2 is also observed for complexation of the two species with Et 2 O and THF under similar conditions and reflects the enhancement in germylene Lewis acidity that results from phenyl-for-methyl substitution at the Ge(II) center. 45 On the other hand, generation of the two species in the presence of approximately 0.1 mol L −1 PrS under lamp photolysis conditions affords propene in yields of 20%-30%, indicating significantly greater reactivity with this substrate than with the oxirane derivative. However, reaction with the substrate is still inefficient compared to oligomerization, even at the extremely low steadystate transient concentrations that characterize our lamp photolysis experiments. This means that under the conditions of our laser photolysis experiments, where micromolar concentrations of germylene are produced within the approximately 25 ns laser pulse, dimerization should be the only reaction pathway accessible. Indeed, the time-resolved behavior of the two species in the presence of PrS shows evidence only of Lewis acid-base complexation and the formation of the corresponding digermenes and higher oligomers absorbing below 300 nm (see Scheme 1). The GeMe 2 -PrS and GePh 2 -PrS complexes exhibit UV-vis absorption Table 2 . Electronic energies (⌬E elec ), zero-point-corrected electronic energies (at 0 K, ⌬E 0 ), standard enthalpies (⌬H°), and free energies (⌬G°) of stationary points on the potential energy surfaces for reaction of GeMe 2 with oxirane and thiirane, in kcal mol −1 relative to the energies of the free reactants, calculated at the B3LYP/6-311+G(d,p) level of theory.
GeMe 2 + oxirane (X = O)
GeMe 2 + thiirane (X = S) maxima of max = 300 and 345 nm, respectively, similar to the spectra of the corresponding germylene-THT 45 and germyleneEt 2 S complexes under the same conditions. The kinetic data are consistent with an estimated upper limit of approximately 10 4 s −1 for the unimolecular rate constant for the second step in the sulfur abstraction process (i.e., collapse of the complexes to products), which corresponds to a reaction free energy barrier of approximately 12 kcal mol −1 or greater. The response of the germylene absorbance-time profiles to added PrS (vide supra) is consistent with binding free energies of approximately 4.2 kcal mol −1 (for GeMe 2 ) or greater (for GePh 2 ), where the reference state is again the gas phase at 1 atm and 298.15 K. The higher binding energies for the complexes with PrS compared to CHO is also consistent with previous observations for other oxygen and sulfur donors of homologous structures. 45 The DFT calculations, which focus on the first steps in the oxygen and sulfur abstraction reactions of GeMe 2 with oxirane and thiirane, respectively, were carried out at the same level of theory as was used in our earlier study of the reactions of SiMe 2 with these two substrates to enable direct comparisons. Figure 5 shows the calculated free energy reaction coordinate diagrams for the reactions of oxirane and thiirane with GeMe 2 (Fig. 5a ) and SiMe 2 (Fig. 5b) , the latter constructed from the data reported in our earlier study. 31 As expected, 40, [58] [59] [60] [61] [62] the calculations for the Si(II) and Ge(II) systems are closely analogous to one another, the main differences being the higher reaction barriers and lower product stabilities for the Ge(II) systems than were found for the corresponding Si(II) ones. The calculations predict Lewis acid-base complexation to be the first step in all cases and that the reaction of a given tetrylene with thiirane should be significantly faster than that with oxirane, in good qualitative agreement with the experimental data. Comparison of the calculated binding free energies of the complexes to the corresponding experimental values, calculated from the measured equilibrium constants or their lower limits ( Table 1 ), indicates that the calculations underestimate the stabilities of the intermediate complexes relative to the isolated reactants by about 5 kcal mol −1 in free energy; they do, however, correctly predict that the sulfur donor complexes enjoy slightly greater stability relative to the free tetrylene and substrate than the corresponding oxygen donor complexes for both of the tetrylene systems. For both SiMe 2 and GeMe 2 , chalcogen abstraction is predicted to proceed via different mechanisms depending on the identity of the substrate, the MMe 2 -oxirane complexes reacting via a nonconcerted mechanism involving cleavage of a single O−C bond in the first step to afford the corresponding Me 2 MOCH 2 CH 2 biradical, whilst C−S bond cleavage in the MMe 2 -thiirane system is predicted to proceed concertedly to form Me 2 M=S and ethylene directly. Testing the validity of these mechanistic predictions, for the reactions of both silylenes and germylenes with oxiranes and thiiranes, is the subject of future work.
Summary and conclusions
The transient germylenes GeMe 2 and GePh 2 react with CHO and PrS reversibly to form the corresponding Lewis acid-base complexes, which have been detected and characterized in all four cases by laser flash photolysis. Under the conditions of the laser photolysis experiments, the complexes decay over several tens of microseconds with second-order kinetics to generate the corresponding digermenes as the only detectable mode of decay. No first-order decay component could be detected in the transient absorbance-time profiles due to the germylene-CHO and germylene-PrS complexes, from which it is concluded that unimolecular X-C bond cleavage in the complexes is too slow to compete with germylene dimerization at room temperature under the conditions of pulsed laser excitation. Steady-state photolysis experiments verify the absence of reactivity of the two germylenes with CHO but indicate that formal sulfur abstraction from PrS, leading to the formation of propene, proceeds in low (approximately 20%-30%) chemical yield from both transient germylenes in solution at ambient temperatures and is only modestly competitive with oligomerization under these conditions. DFT calculations of the complexation of GeMe 2 with oxirane and thiirane in the gas phase and of the first step in the oxygen and sulfur abstraction reactions within the complexes have been carried out at the B3LYP/6-311+G(d,p) level of theory. The calculations underestimate the stabilities of the complexes by approximately 5 kcal mol −1 based on comparisons to the experimentally determined equilibrium constants for complexation of the two germylenes with CHO in hexanes at 25°C, but they nevertheless correctly reproduce the ordering of stabilities found experimentally, and also the relative reactivities of the GeMe 2 -PrS and GeMe 2 -CHO complexes with respect to C-O and C-S bond cleavage, leading ultimately to the corresponding transient germanone and germanethione.
Further kinetic and mechanistic studies of the chemistry of transient heavy group 14 carbene analogs are in progress.
Experimental
1 H NMR spectra were recorded on Bruker AV500 or AV600 spectrometers in cyclohexane-d 12 and were referenced to the residual solvent proton. GC/MS analyses were carried out on a Varian Saturn 2200 GC/MS/MS system equipped with a VF-5 ms capillary column (30 m × 0.25 mm, 0.25 m) (Varian, Inc.). High-resolution electron impact mass spectra and exact masses were determined on a Micromass TofSpec 2E mass spectrometer using electron impact ionization (25 eV).
PrS, Et 2 S, and CHO were purchased from Sigma-Aldrich and purified by distillation from anhydrous sodium sulphate (PrS and Et 2 S) or CaH 2 (CHO). THF (Caledon Reagent) was refluxed over calcium hydride for 2 h, distilled into a flask containing sodium, and refluxed further for several days and then finally distilled under nitrogen. Hexanes (EMD OmniSolv) were dried by passage through activated alumina under nitrogen using a Solv-Tek solvent purification system (Solv-Tek, Inc.).
The germacyclopentene derivative 1b was prepared following the reported procedure. 46 It was purified by column chromatography on silica gel using hexanes as eluent, which afforded the compound in >98% purity as determined by GC/MS. Compound 1a was available from an earlier study. 45 Compound 2 was synthesized via the two-step procedure reported previously 48 and was purified by silica gel chromatography with hexanes as eluent followed by multiple recrystallizations from hexanes to remove traces of biphenyl.
Hexamethylcyclotrigermathiane (6) was prepared from lithium sulfide and dimethyl germanium dichloride using an adaptation of the method of Herzog and Rheinwald. 63 plastic syringe. The resulting tan solution was then stirred for 4 days at room temperature. The solvent was removed under high vacuum and 10 mL of benzene was added to yield a brown suspension, which was filtered by gravity filtration. An additional 15-20 mL of hexane was added to the benzene solution and the mixture was filtered. Evaporation of the solvent yielded the crude product as a green oil (0.50 g, 64% yield), which was distilled under vacuum to afford a yellow oil (bp = 83-84°C, 0.05 mm Hg) that solidified to an oily solid upon standing at room temperature. The product was identified on the basis of its 1 H NMR (␦ (CDCl 3 ) 0.98 (s)), 13 C NMR (␦ (CDCl 3 ) 10.6), and GC/MS spectra. 63 Although the 1 H NMR spectra of the product indicated the presence of some impurities in the sample, further purification by column chromatography was not carried out.
Laser flash photolysis experiments were carried out using a Lambda Physik Compex 120 excimer laser filled with F 2 /Kr/Ne (248 nm, 25 ns, 98-110 mJ pulse -1 ) and a Luzchem Research mLFP-111 laser flash photolysis system, modified as described previously. 48 The solutions were prepared in deoxygenated anhydrous hexanes such that the absorbance at 248 nm was between 0.4 and 0.7. The solutions were flowed rapidly through a 7 mm × 7 mm Suprasil flow cell connected to calibrated 100 or 250 mL reservoirs, which contain a glass frit to allow bubbling of argon gas through the solution for 40 min prior to and throughout the experiment. The flow cell was connected to a Masterflex TM 77390 peristaltic pump fitted with Teflon tubing (Cole-Parmer Instrument Co.), which pulls the solution through the cell at a constant rate of 2-3 mL min -1 . The glassware, sample cell, and transfer lines were dried in a vacuum oven (65-85°C) before use. Solution temperatures were measured with a Teflon-coated copper/constantan thermocouple inserted into the thermostatted sample compartment in close proximity to the sample cell. Substrates were added directly to the reservoir by microlitre syringe as aliquots of standard solutions.
Transient absorbance-time profiles were recorded by signal averaging of data obtained from 10-40 individual laser shots. Decay rate constants were calculated by nonlinear least-squares analysis of the transient absorbance-time profiles using the Prism 5.0 software package (GraphPad Software, Inc.) and the appropriate userdefined fitting equations, after importing the raw data from the Luzchem mLFP software. Rate and equilibrium constants were calculated by linear least-squares analysis of transient absorbance data that spanned as large a range in transient decay rate or initial signal intensity as possible. Errors are quoted in all cases as twice the standard error obtained from the least-squares analyses.
Steady-state photolysis experiments were carried out in quartz NMR tubes using a Rayonet ® photochemical reactor (Southern New England Ultraviolet Co.) equipped with two RPP-2537 lamps and a merry-go-round apparatus, monitoring the solutions over selected time intervals by 1 H NMR spectroscopy. Cyclohexane-d 12 solutions containing the desired combinations of germylene precursor and substrate and hexamethyldisilane (approximately 0.01 mol L −1 , internal integration standard) were prepared in 1 mL volumetric flasks. The solutions were then transferred to quartz NMR tubes, sealed with rubber septa, and then deoxygenated with a slow stream of dry argon for 5 min prior to irradiation over a total time period of 12-15 min. GC/MS analyses were carried out for each sample prior to and at the end of the photolysis period.
Theoretical calculations were carried out using the Gaussian09 suite of programs. 64 
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